The orbital shapes and charge disproportionations at nominal Mn 3+ and Mn 4+ sites for the chargeand orbital-ordered phases have been studied on half-doped manganites Pr(Sr0.1Ca0.9)2Mn2O7 and Eu0.5Ca1.5MnO4 with double-layer and single-layer Mn-O networks, respectively, by means of xray structural analyses, in comparison with Pr0.5Ca0.5MnO3 with the pseudo cubic network. In a single-layer Eu0.5Ca1.5MnO4 system, the (y 2 −z 2 )/(z 2 −x 2 )-type orbital shape is observed, while the (3y 2 −r 2 )/(3x 2 −r 2 )-type orbital shape in a pseudo cubic Pr0.5Ca0.5MnO3 system. In a double-layer Pr(Sr0.1Ca0.9)2Mn2O7 system, the orbital shape is found to undergo a large change upon thermally induced rotation of orbital stripe. Furthermore, clear charge disproportionation is observed for the pseudo cubic and double-layer systems, while not in the single-layer system. These results indicate that the orbital shape and charge disproportionation are sensitive to the dimension of Mn-O network.
I. INTRODUCTION
Charge and orbital order (CO-OO) in mixed-valence manganites with perovskite-related structures has been attracting great interest since the CO-OO makes a strong impact on crystallography, magnetism, and electrical conduction 1 . For example, magnetic-field induced melting of long-range and/or short-range CO-OO results in colossal magnetoresistance 2 . Huge changes in electrical conduction due to the melting of CO-OO have been reported with the application of other external stimuli, such as an electric field, x-ray, light, and pressure 3, 4, 5, 6 . Many diffraction and theoretical studies have reported the checkerboard type charge order of Mn 3+ and Mn 4+ ions with charge disproportionation and stripe-type orbital order, explaining a complex antiferromagnetic spin order at low temperatures in half-doped manganites 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 . On the other hand, another model with less distinct charge disproportionation has also been proposed 17, 18, 19, 20, 21, 22, 23, 24, 25 . For example, taking into account the on-site Coulomb interaction, Brink et al. have suggested 17 that maximum value of charge disproportionation is as little as 20%. First principle calculation by Mahadevan et al. have also shown 18 that the charge disproprtionation is almost negligible for La 0.5 Sr 1.5 MnO 4 compound. Herrero-Martin et al. have inferred 21 from the resonant x-ray scattering data that the charge disproportionation of Nd 0.5 Sr 0.5 MnO 3 is about 20 %. These different models have raised an important question about the nature of CO state.
Another issue to be clarified is the orbital shape at Mn 3+ ion in the CO-OO phase. Radaelli et al. suggested by powder neutron and synchrotron x-ray diffraction studies that the (3y 2 − r 2 )/(3x 2 − r 2 )-type orbital order takes place in La 0.5 Ca 0.5 MnO 3 26 . La 0.5 Sr 1. 5 MnO 4 was also studied as another CO-OO system by resonant x-ray scattering and x-ray linear dichroism methods 10, 27 ; the latter 27 strongly suggested the (y 2 − z 2 )/(z 2 − x 2 )-type orbital shape at Mn 3+ ion. It is an unsolved problem why the orbital shape of La 0.5 Ca 0.5 MnO 3 and La 0.5 Sr 1.5 MnO 4 appear different. One obvious difference between these two materials is the dimensionality of MnO 6 network. The variation of the dimensionality has already been reported 28, 29, 30 to affect the CO-OO state significantly in terms of correlation length, but its effect on the orbital shape should be investigated systematically. To clarify these issues, we have made systematic investigations on the charge disproportionation and orbital shape in the CO-OO phases of half-doped manganites with various Mn-O networks (single-, double-, and infinite-layered MnO 2 sheets) by means of x-ray structure analysis. The results indicate that the charge disproportionation is in reality much smaller than unity, and that the orbital shape critically depends on the lattice form, in particular on the dimensionality of Mn-O network. As far as we know, there has been no experimental investigation on the charge disproportionation for the layered manganites thus far.
The investigated materials in this study are Pr 0.5 Ca 0.5 MnO 3 , Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 , and Eu 0.5 Ca 1.5 MnO 4 with pseudo cubic, double-layer, and single-layer Mn-O networks, respectively. We chose these materials with good size matching of the ionic radii at the A-sites to reduce the effect of quenched disorder (randomness) as much as possible 31, 32, 33 . Another important point in selecting the target materials is that the well-defined orthorhombic distortion of all these materials enables us to obtain the single-domain orbital-ordered state as locked by the orthorhombicity. The concomitant CO-OO is observed at T CO which is higher than the CE-type antiferromagnetic ordering in every case 33, 37 . In Pr 0.5 Ca 0.5 MnO 3 and Eu 0.5 Ca 1.5 MnO 4 , the CO-OO transitions take place at T CO ∼230 K and 325 K, and the CE-type antiferromagnetic order with spins pointing along the b-axis is established at T N ∼170 K and 120 K, respectively 34, 35, 36, 37 . The ferromagnetic zig-zag chain is parallel to the b-axis in Pr 0.5 Ca 0.5 MnO 3 , and to a-axis in Eu 0.5 Ca 1.5 MnO 4 , respectively. In contrast, successive CO-OO transitions are observed at T CO1 ∼370 K and T CO2 ∼315 K in Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 . The propagation direction of stripe-type orbital order spontaneously rotates from along the a-axis to along the b-axis at T CO2 ; this appears as a generic feature of CO-OO double-layer manganites 33 . CE-type antiferromagnetic order with spins pointing along b-axis grows below T N ∼153 K 38 , and the ferromagnetic zig-zag chain is along a-axis. In both of the Eu 0.5 Ca 1.5 MnO 4 and Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 , CO-OO produces clear anisotropy of electronic states, typically manifested by the optical conductivity spectra, in which the oscillator strength at low energy region is more suppressed in orbital-stripe direction than in orbital zig-zag chain direction 37, 38 
II. EXPERIMENTS AND ANALYSES
We have performed structure analysis for single crystals of Eu 0.5 Ca 1.5 MnO 4 and Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 grown by the floating zone method. The crystals were crashed into small grains. X-ray diffraction experiments were performed for twin-free single crystals with a diameter of about 30 µm on the beamline BL-1A at Photon Factory in KEK, Japan. The photon energy of the incident x-rays was tuned at 18 keV(λ=0.688Å). Xray beams were shaped into a square with the size of 300 µm × 300 µm by a collimator, which is enough larger than the size of samples. To detect x-rays, a large cylindrical imaging plate was utilized. Temperature was controlled by a nitrogen gas stream cryostat. The intensity data were operated to the F-tables by using the program of Rapid-Auto, Rigaku Corp. and MSC. The Sir2004 program 39 was employed for the direct method. We used the program of CrystalStructure of Rigaku Corp. and MSC. for analyzing the crystal structure from the F- For the analysis, we used thus determined crystal structure data for Eu 0.5 Ca 1.5 MnO 4 and Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 , and the published data for Pr 0.5 Ca 0.5 MnO 3 by Goff et al. 22 .
We adopt the localized-orbital picture, assuming a priori the strong electron-lattice interaction 40 . Then, the breathing and Jahn-Teller distortion modes, Q 1 , Q 2 , and Q 3 , can be related with charge disproportionation and orbital shape 41 , and defined as
where d x , d y , and d z are bond lengths between Mn and O ions along the x, y, and z-axes, respectively, which are shown as schematic views of distorted MnO 6 octahedra in Fig. 1 (a) Fig.  1 (b) 44 . On the other hand, it has been well known as Kanamori representation 41 that the orbital shape is related with the Jahn-Teller Q 2 and Q 3 modes, as shown in Fig. 1 (c) . In the Q 2 -Q 3 plane, the orbital state is thus described as |d θ =cos (
. Similar analysis based on the bond valence sum and the Kanamori representation has been applied to manganites in some literatures 22, 45, 46, 47 .
III. RESULTS
In Fig. 2 49 . Figure 4 (a) shows a schematic view of the CO-OO state of Pr 0.5 Ca 0.5 MnO 3 , which is based on the crystal structural data by Goff et al. 22 , in which the space group Table I 50 . From these values, charge disproportionation between nominal Mn 3+ and Mn 4+ sites is estimated to be roughly 22%, which is very close to the value reported for Nd 0.5 Sr 0.5 MnO 3 using resonant X-ray scattering technique 21 . Furthermore, for the Mn1 and Mn2 sites, the (3y 2 − r 2 )/(3x 2 − r 2 )-type orbital shapes are obtained. For the Mn3 site, by contrast, the Q 2 and Q 3 values are small as compared to Q 1 value, indicating the least Jahn-Teller distortion or unlifted orbital de- were used for the analysis of Pr0.5Ca0.5MnO3. generacy with almost isotropic electron density, namely,
with λ slightly smaller than 1.
The CO-OO state of Eu 0.5 Ca 1.5 MnO 4 with single-layer Mn-O network is schematically illustrated in Fig. 4  (b) . The crystal structural analysis showed that the space group is P mnb (No.62) of orthorhombic crystal system, and the lattice parameters are a=10.6819 (7) A, b=5.4071(3)Å, and c=11.7018(11)Å at 295 K, respectively. Orbital stripes line up along the b-axis, which is perpendicular to the diagonal-glide plane, giv- (4) ing rise to the observed optical anisotropy 37 . The obtained parameters are listed in Table II . About 8% charge disproportionation between Mn 3+ and Mn 4+ sites is observed, which should be interpreted as indicating that the actual charge disproportionation is almost negligible, taking into account the semi-quantitative nature of the bond valence sum analysis. The negligible charge disproportionation is in excellent accord with the theoretical prediction 18 for the single-layer compound La 0.5 Sr 1.5 MnO 4 . For Mn1 site, the (y 2 − z 2 )/(x 2 − z 2 )-type orbital shape is observed, as shown in Fig. 5 . This orbital shape is also consistent with the result of x-ray linear dichroism experiment 27 . In contrast, for Mn2 site, Q 2 and Q 3 values are small with respect to Q 1 value, indicating almost isotropic electron density (7)Å, b=5.4719(4)Å, and c=19.2090(10) A at 295 K (CO2), respectively. In the CO1 phase, the orbital stripes along the a-axis are clearly seen, which is parallel to the diagonal-glide plane. We observe about 39% charge disproportionation in the CO1 phase. For Mn1 site, the orbital shape is of intermediate type between (3y 2 − r 2 )/(3x 2 − r 2 ) and (y 2 − z 2 )/(z 2 − x 2 ), and the similar orbital shape is obtained for Mn2 site (Fig.  5) . Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 undergoes a transition with 90-degree rotation of orbital stripes at T CO2 ∼315 K 38 . In the CO2 phase, the orbital stripes run along the b-axis, as clearly seen in Fig. 4 (c2) , in accord with the previous report 38 . There are one Mn 3+ site and two crystallographically inequivalent Mn 4+ sites, termed respectively Mn1, Mn2, and Mn3, in the CO2 phase. The obtained charge disproportionation of about 39% is comparable with that of CO1 phase, whereas the (3y 2 −r 2 )/(3x 2 −r 2 )-type orbital shape as in Pr 0.5 Ca 0.5 MnO 3 is suggested for the Mn 3+ sites, as shown in Fig. 5 . In both phases, the observed direction of orbital stripes is consistent with the optical anisotropy 38 .
IV. DISCUSSION
While the stripe-type orbital pattern commonly observed in the three materials gives rise to the same CE-type magnetic ordering, the orbital shape does depend on the structural difference, and seems to be governed by the difference in the stacking-sequence of (rare-earth/alkaline-earth)-oxygen (AO) planes and MnO 2 planes. Note that the AO plane contains apical oxygens of MnO 6 octahedra. In the charge-and ) orbital-disordered phase of Pr 0.5 Ca 0.5 MnO 3 , MnO 6 octahedron is almost isotropic with slight compression along c-axis due to the pseudo cubic symmetry of the crystal structure 36 . Below the CO-OO transition, e g electrons tend to maximize the kinetic energy gain due to the local double exchange interaction with the neighboring Mn 4+ t 2g spins on the ab-plane, and the (3y 2 − r 2 )/(3x 2 − r 2 )-type orbital shape is favored. In Eu 0.5 Ca 1.5 MnO 4 , by contrast, the bond length between Mn and apical oxygen is longer than that within the plane 49 even in the charge-and orbital-disordered phase at 360 K. This is because a single MnO 2 plane is negatively charged, and hence apical oxygen and rare-earth/alkaline-earth ions on the adjacent layers tend to be apart from and close to the MnO 2 plane, respectively. The body-centered nature of the K 2 NiF 4 -like structure allows this type of local lattice distortion in a cooperative manner. (It should be noted that this lattice distortion is not driven by the Jahn-Teller interaction, but due to the purely lattice structural effect, as evidenced by the presence of similar lattice distortion in La 2 NiO 4 51 in which Ni
2+
(with two e g electrons) with S=1 is Jahn-Teller inactive.) Therefore, the electron orbital extended along the c-axis is stabilized by such a distortion at high temperatures. As the temperature is lowered, however, e g electrons tend to favor the orbital shape extended within the MnO 2 planes so as to gain the spin exchange energy, similarly to the case of Pr 0.5 Ca 0.5 MnO 3 , thereby estab- 2 )-type orbital shape is realized as in the pseudo cubic case, in which the magnetic interaction as favoring the CE-type order may play a role.
As the layer number is increased, charge disproportionation increases from the smallest value of 8% for the single layer compound to 39 % for the double layer ma-terial, and then rather decreases to 22 % for the infinite layer compound. In the single layer system, the development of order parameter may be suppressed due to the enhanced fluctuation effect. In the double layer system, fluctuation effect would be reduced, and the larger charge disproportionation is observed. The reason why the observed charge disproportionation is smaller in the infinite layer material than in double layer compound is not clear at present, but the enhanced double exchange interaction in the infinite layer material due to the increased dimensionality might be the origin.
V. SUMMARY
In summary, we have revealed that the charge disproportionation between nominal Mn 3+ and Mn 4+ is in reality much smaller than unity, and in particular, negligible in single-layer system. This result is in contrast with the belief at the early stage of the research of the CO-OO phenomena, but in accord with the recent results 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 . This indicates that various interactions, such as electron-lattice, Coulomb repulsion, and magnetic interactions, should be taken into account to correctly understand the nature of chargeordered state. The orbital shape is different among the three compounds despite the same symmetry of the CO-OO pattern in a single MnO 2 plane, structurally confirming the previous conclusions based on different experimental techniques 26, 27 . The charge disproportionation and orbital shape in these materials are dominated by the dimension of Mn-O network, and the local environment of the apical oxygen seems to be particularly important.
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2 ), where θ K and λ are the Bragg angle and wave length, respectively. 
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